Using polarization-resolved transient reflection spectroscopy, we investigate the ultrafast modulation of light interacting with a metasurface consisting of coherently vibrating nanophotonic meta-atoms in the form of U-shaped split-ring resonators, that exhibit co-localized optical and mechanical resonances. With a two-dimensional square-lattice array of these resonators formed of gold on a glass substrate, we monitor the visible-pump-pulse induced gigahertz oscillations in intensity of reflected linearly-polarized infrared probe light pulses, modulated by the resonators effectively acting as miniature tuning forks. A multimodal vibrational response involving the opening and closing motion of the split rings is detected in this way. Numerical simulations of the associated transient deformations and strain fields elucidate the complex nanomechanical dynamics contributing to the ultrafast optical modulation, and point to the role of acousto-plasmonic interactions through the opening and closing motion of the SRR gaps as the dominant effect. Applications include ultrafast acoustooptic modulator design and sensing.
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Using polarization-resolved transient reflection spectroscopy, we investigate the ultrafast modulation of light interacting with a metasurface consisting of coherently vibrating nanophotonic meta-atoms in the form of U-shaped split-ring resonators, that exhibit co-localized optical and mechanical resonances. With a two-dimensional square-lattice array of these resonators formed of gold on a glass substrate, we monitor the visible-pump-pulse induced gigahertz oscillations in intensity of reflected linearly-polarized infrared probe light pulses, modulated by the resonators effectively acting as miniature tuning forks. A multimodal vibrational response involving the opening and closing motion of the split rings is detected in this way. Numerical simulations of the associated transient deformations and strain fields elucidate the complex nanomechanical dynamics contributing to the ultrafast optical modulation, and point to the role of acousto-plasmonic interactions through the opening and closing motion of the SRR gaps as the dominant effect. Applications include ultrafast acoustooptic modulator design and sensing.
Electromagnetic metamaterials are artificial media composed of arrays of unit structures much smaller than the optical wavelength, and can exhibit non-intuitive properties such as negative refractive index 1 , magnetism at optical frequencies 2 and cloaking 3 . Such behavior is determined by the electrical or magnetic character of the constitutent meta-atoms. Following on from the first demonstration of negative permittivity and permeability at microwave frequencies 4 in a hybrid split-ring resonator (SRR) and rod-array structure, a great deal of research on metamaterials has been carried out up to optical frequencies, with potential applications in telecommunications and sensing techonologies, for example. Metaatoms at optical frequencies have been proposed in many forms, such as three-dimensional (3D) fishnets 5 , cut-wire pair arrays 6 as well as the generic split-ring resonators (SRR) 7 , to name only a few. At such frequencies plasmonic effects play an essential role in determining the effective parameters.
Another promising avenue for applications involves the use of active metamaterials for wave control 8 ; at optical or infrared frequencies, for example, various methods of modulating the effective parameters of the metamaterial to this end have been demonstrated, such as photoswitching 9,10 , heating and cooling (i.e thermal control) [11] [12] [13] , the use of phase-change materials 14, 15 , electrooptic materials 16, 17 , or coupling with microelectromechanical systems [17] [18] [19] . In particular, in the case of SRRbased metamaterials, active control of their optical or infrared properties has been conducted by many groups using photoswitching or electrooptic control [20] [21] [22] [23] , phase- A different route to such modulation is the use of phonons, which promise ultrahigh frequency operation and control. Ulbricht et al. 29 used GHz acoustic phonons to modulate the transmission of a metalayer consisting of an array of nanoholes in a gold film, and O'Brien et al. 30 made use of GHz acoustic phonons in nanoscale gold Swiss-cross arrays with different lengths of horizontal and vertical arms to modulate linearly polarized light. Shelton et al. 31 demonstrated the coupling between gold SRR-array infrared resonances and THz optical phonons in thin dielectric layers, thereby modulating the infrared transmission spectrum, and Dong et al. 32 reported the modulation of light with GHz acoustic phonons in U-shaped nanowire arrays. However, in spite of the intense interest in the fascinating properties of SRRs, to our knowledge GHz acoustic phonons have not been used to modulate the optical properties of SRR meta-atoms. In this paper we report on the GHz acoustic modulation of a metamaterial consisting of a 2D array of U-shaped nanoscale gold SRRs at near-infrared optical wavelengths using a combination of both experiment, based on a femtosecond polarization-resolved pump-probe technique, and numerical simulations of the transient deformation and strain fields.
Our metamaterial consists of an array of sub-micron SRRs, as shown schematically in Figs. 1(a) and (b) . The original Pendry-et-al. 33 SRRs were proposed to achieve effective magnetic permeability through electromagnetic resonances at GHz electromagnetic frequencies. The fundamental magnetic resonance of an SRR can be approximated as an LC circuit consisting of an inductance (L) and a capacitance (C). We have chosen U-shaped gold nanoscale SRRs of dimensions as shown in the inset of Fig. 1(c) , so that their resonant frequency is in the nearinfrared. Using the analytical LC model of Linden et al. 2 , we calculate this fundamental resonance to be at a wavelength of ∼1.5 µm. The SRR dimensions chosen, with reference to Fig. 1(b) , are side l=230 nm, gap d=84 nm, bottom-width w=92 nm and thickness t=60 nm. They are arranged in a square lattice of pitch 326 nm, as shown by the electron micrograph in Fig. 1(b) . The structures are patterned using electron-beam lithography and standard lift-off procedures 34 . A 0.5 mm thick slab of BK7 glass is used as a substrate, and a 2 nm Cr layer is incorporated to improve adhesion.
We first characterize the SRR array by normalincidence white-light optical transmission spectra for horizontal and vertical polarizations, as shown in Fig. 2 for both experiment (solid red lines) and finite-element method (FEM) electromagnetic simulations (COMSOL Multiphysics, solid green lines) using periodic boundary conditions and literature values of the refractive indicies 2, 36 . We also show for reference the simulated reflection spectrum (dotted blue lines) and absorption spectrum (dashed orange lines). Details of the simulations are given in the Supplementary Material. The horizontal optical polarization configuration of Fig. 2(a) is expected from analytical considerations to excite the fundamental magnetic resonance at ∼1.5 µm for our sample, but this resonance is out of the measured wavelength range. However, for this optical polarization we find first and second orders of plasmonic resonance at 808 nm and 572 nm in the simulations, labeled (1) and (2), respectively, in the reflection spectrum, and experimental transmission dips are correspondingly observed at wavelengths closely matching those predicted in transmission. These resonances have been reported by other groups for similar U-shaped SRR arrays in the near infrared 2,7,37,38 . We use an optical pump-probe technique to generate GHz vibrational modes and to detect the modulated optical reflectance, as shown in Fig. 3(a) . A mode-locked Ti:sapphire laser with a repetition rate of 80 MHz and optical pulse duration of ∼200 fs provides probe pulses at a wavelength of 800 nm as well as frequency-doubled pump pulses at a wavelength of 400 nm by use of a BBO (beta barium borate) crystal. At both 400 and 800 nm, gold is a good absorber with an optical absorption depth ∼15 nm 2 . The pump beam, chopped at 1 MHz by an acoustooptic modulator for lock-in detection, is focused onto the sample surface at normal incidence through a 20× objective lens to a spot diameter ∼6 µm FWHM (full width at half-maximum) with vertical linear polarization, as shown in Fig. 3(a) by the dashed (blue) arrow. Ultra- fast electron diffusion in gold 39 rapidly transfers energy from the optical absorption depth to the whole depth of the SRR. The resulting stress field coherently excites the vibrational modes of ∼300 SRRs, corresponding to near k=0 acoustic wave vectors of the SRR array, which act as a phononic crystal. A single pump pulse has an energy of ∼50 pJ, which leads to acoustic strains up to ∼10 −4 or displacements of ∼20 pm, corresponding to transient temperature rises of ∼20 K. The probe pulses, of the same pulse energy, are passed through a motorized delay line, and are then focused at normal incidence to a similar spot size as the pump in order to monitor the transient reflectivity changes. The linear polarization of the probe beam is aligned alternatively horizontally and vertically, as shown in Fig. 3(a) (solid red arrows) . The probe wavelength of 800 nm is conveniently set off the first plasmonic resonance of 780 nm for horizontal polarization (which produces electric-field localization in the SRR gap) to provide an enhanced sensitivity of the SRR reflectivity to deformation-induced changes in its geometry for this polarization. Variations in intensity ∼10 −4 of the probe beam reflected from the sample are monitored with a photodiode and a lock-in amplifer tuned to the chopping frequency. The measured relative reflectivity variations δR(t)/R induced by the GHz vibrations in the SRR array are shown in Fig. 3(b) for horizontal (dotted line) and vertical (solid line) probe polarizations. At zero delay time, δR/R shows rapid changes owing to electronic excitation and subsequent heating of the gold. After that, a complex oscillatory damped variation in δR/R is evident, ∼10 times larger in the horizontal polarization case than in the vertical. We attribute this difference to the much sharper plasmon resonance close to the probe wavelength λ for horizontal polarization compared to vertical (leading to a ∼10 times larger gradient |dR/dλ|-that governs the amplitude of the modulation in δR/R when the plasmon resonance curve is shifted by strain or deformation-for horizontal polarization compared to vertical polarization at λ=800 nm).
The corresponding moduli of the temporal Fourier transforms (|FT|) of δR/R (after subtracting the thermal background) are shown on a normalized scale vs frequency in Fig. 3(c) . In particular a main resonance is evident in both polarizations at 4. In order to better understand these results, transient deformation and strain distributions in the SRR structure are calculated using frequency-domain FEM simulations (COMSOL, Multiphysics) with a mesh size of ∼8 nm, a time step of 1.0 ps, and a total calculation time of 12 ns. We implement periodic boundary conditions (BCs) with a unit cell consisting of a gold SRR (as defined by the experimental geometry) on a BK7 glass substrate section of dimensions 326 nm × 326 nm × 755 nm (ignoring the 2 nm Cr adhesion layer). Low-acoustic-reflection BCs are used over the bottom surface of the substrate. As an approximation to the thermoelastic excitation in gold, the whole SRR is subject to an initial isotropic stress that initiates an expansion. This assumption preserves the required left-right symmetry of the optical excitation in experiment with vertically-polarized normal optical incidence. In order to obtain some quantitative parameters that can characterize the SRR vibrational motion, we plot vs frequency in Fig. 4(a) the normalized modulus of the temporal FT of the calculated volumetric strain δV /V (dashed purple line) and displacement U x (solid green line), both averaged over half of the top surface of the SRR (i.e. exploiting the mirror symmetry), where x and y are the in-plane horizontal and vertical coordinates, respectively. For reference we also include the |FT| of the experimental reflectivity change δR/R (dotted red line) in the plot for horizontal probe polarization. Individual tensile strain component vibrational spectra η xx , η yy and η zz , averaged over half of the top surface of the SRR, are shown in Fig. 4(b) , and all three displacement component spectra are shown in Fig. 4(c) . In each case the relative values are accurately represented.
Several resonant frequencies are revealed that are very close to the experimental values. Since on resonance U x in the chosen frequency range is signficantly larger than U y and U z (see Fig. 4(c) noting the different vertical scales), we choose to reproduce its variation in Fig. 4(a) next to the experimental data. Deformations can contribute to the optical modulation in general in two ways: 1) by changing the probe plasmonic resonance frequency through, for example, a change in the SRR gap width; 2) by their role in changing the sample geometry, thus affecting the reflected angular distribution of the probe light, and leading to an intensity modulation owing to the finite optical solid angle defined by the collection optics. Effect 1) is likely to be more important in our SRR sample owing to the proximity of the horizontally-polarized probe wavelength to a plasmonic resonance. Likewise, strains can contribute to the optical modulation through strain-induced variations in the refractive index in the SRR or the substrate, although the photoelastic effect in gold at the 800 nm probe wavelength is known to be small, and has never been seen to give rise to any opto-acoustic interaction in experiments at such optical wavelengths 29, 41, 42 . However, since similar strains are coupled to the glass substrate, the light reflected from the substrate around the SRR could well contribute to the optical modulation. For this reason we have included the above-mentioned volumetric strain δV /V =η xx +η yy +η zz in the plot of Fig. 4(a) for comparison. However, since η xx and η yy show similar amplitudes in Fig. 4(b) (and the same being true for the uncovered glass regions of the unit cell, as verified by simulation), one would expect the photoelastic effect in the glass substrate to modulate δR/R with a similar amplitude for both horizontal and vertical probe polarizations. This can be seen from the following definitions:
δǫ yy = P 12 η xx + P 11 η yy + P 12 η zz ,
where ǫ ij are the dielectric constants and P ij the photoelastic constants (P 12 /P 11 ∼2 in glass 43 ) , showing that one expects the change δǫ xx (probed by horizontal polarization) to be of the same order as δǫ yy (probed by vertical polarization) when η xx ∼η yy , a situation that leads to a similar value of δR/R for the two probe polarizations. Since this is definitely not the case in experiment, one can conclude that it is likely to be the deformations of the SRR, i.e. particularly the component U x , that dominate in the optical modulation. This conclusion is also consistent with the above-mentioned observed absence of Brillouin oscillations, which depend on the photoelastic effect. Mode (1) Mode (2) Mode (3) Mode (4) Mode (5) Mode (6) FIG . The simulated FT spectra of both δV /V and U x show easily recognizable resonances at 2.8, 4.5, 6.0, 10.0, 12.8 and 21.3 GHz. We have labeled as peaks (1)- (6) in Fig. 4(a) the ones that are close to maxima in experiment at 3.2, 4.8, 6.5. 9.5, 13.5 and 20.5 GHz, respectively, in the same figure. Whether a particular peak appears in experiment depends on the detailed thermoelastic coupling of the SRR to the substrate as well as on the specfic detection mechanism, so we do not expect the simulated peak heights to be the same as those in experiment; a comprehensive theory of the opto-acoustic nanoscale interaction is beyond the scope of this paper. The predicted peaks are much narrower than in experiment, presumably owing to variations in the SRR geometry (inhomogeneous broading) and to GHz ultrasonic attenuation in gold and in glass. The nature of these six labelled modes can be gleaned from the corresponding simulated deformations and strain distributions shown in Fig. 5 . Resonance (1) corresponds to the fundamental tuning-fork-like mode, whereas modes (2)-(6) are of higher order. Their motion can be viewed as animations (see Supplementary Material) , showing that all influence the SRR gap geometry. As prescribed by the reflection symmetry of the SRR in the bisector plane parallel to the y axis, all the modes extracted show this required left-right mirror symmetry, and appear to all intents and purposes to be independent modes of isolated SRRs.
Concerning the large difference in experimental modulation amplitudes between horizontal and vertical probe polarizations, it is likely, as mentioned above, that plasmonic effects (i.e. perturbation of the enhanced E-fields) associated with the variation in the SRR gap, which are much more important for horizontal probe polarization, are mainly responsible. The tuning-fork-like vibration of the SRR "prongs" for the lower-order vibrational modes produces alternative blue-shifting (gap-opening) and redshifting (gap-closing) of the plasmonic resonance, thus modulating the transient reflectivity 26, 32, 44 . To further investigate the origin of the vibrational modes dominant in the spectra for displacement and tensile strain, in the simulation we separately varied the SRR pitch a the thickness t around the chosen values, as shown in Fig. 6(a) and (b) , respectively. The frequencies of mode (1)- (6) were independent of the pitch over the investigated range a = 326 ± 30 nm, confirming our conclusion above that these modes can be treated to a good approximation as individual resonances of a single SRR in spite of being k-near-zero collective modes of the phononic-crystal structure. In contrast to the variation with a, the frequencies of all six modes depend on thickness t over the investigated range t = 60 ± 10 nm, decreasing with increasing t owing to the increased mass loading. Plots of the mode frequencies against 1/t in Fig. 6(b) show that for modes (1) and (6) In conclusion, we have measured the ultrafast acoustooptic response of SRR nanophotonic meta-atoms for the first time by means of femtosecond polarizationresolved transient reflection spectroscopy in the nearinfrared. Ultrafast changes in optical reflectivity arise from GHz acoustic vibrations of a square lattice of suboptical-wavelength size thin gold U-shaped SRRs attached to a glass substrate. Individual vibrational modes of the SRRs in the frequency range ∼3-20 GHz are clearly identified to be photoexcited by the optical pump pulses and to give rise to a modulation in reflection δR that is much larger for linear probe polarizations aligned across the SRR gap (i.e. horizontally rather than vertically). Simulations of the complex transient deformations and strains in the sample give reasonable overall agreement with the six resonant frequencies observed in experiment. Our analysis suggests that in this structure it is the deformations that tend to open and close the SRR gaps that contribute most to δR through acousto-plasmonic effects rather than through the photoelastic effect, demonstrating the importance of the optomechanical interaction of the enhanced localized electric field in the gap with the GHz gap variations. In future, it would be interesting to determine how the acoustic modulation affects the angular distribution of optical intensity scattered from the SRR structures, both in reflection and transmission. Moreover, by tailoring the geometry and choice of material for the SRR, for example by extending the structure in 3D 47 , it should be possible to enhance the acoustoplasmonic interaction, thereby opening the way for efficient ultrafast acoustic modulation using SRR meta-atoms. Our study also opens new vistas for the design of coherent phonon devices sensitive to variations in the phononic, electronic or thermal environment.
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SUPPLEMENTARY MATERIAL OPTICAL 3D FINITE-ELEMENT MODELLING
The optical reflectance, transmittance and absorption spectra of the sample for normal incidence are simulated with a frequency-domain finite-element method (COM-SOL Multiphysics) to solve the Maxwell equations. The unit cell consists of a BK7 glass substrate, a gold splitring resonator (SRR) and the vacuum above them, as shown in Fig. S1 . The SRR dimensions chosen, with reference to Fig. 1(a) of the main text, are side l=230 nm, gap d=84 nm, bottom-width w=92 nm and thickness t=60 nm. We implement periodic boundary conditions (BCs) with an unit cell of a gold SRR set on the interface between the vacuum and the BK7 glass substrate. Sparameter ports are used over two parallel planes, termed the input and output planes, defined to be 400 nm from this interface, and optical scattering BCs, set 100 nm outside these ports, are also used, as shown in Fig. S1 . A total of approximately 1,150,000 tetrahedral mesh elements are used for the discretization, of maximum side 63 nm in the vacuum, maximum 42 nm in the BK7 substrate and maximum 15 nm in the gold SRR. (These mesh sizes are six times smaller than the minimum simulated optical wavelength in each medium.) A finer mesh was used near the corners in the gold SRR, where the electric fields are particularly enhanced. The refractive indices of gold and BK7 glass are taken from the literature 1, 2 Simulations were performed independently with electric field E polarized along the x axis (horizontal polarization) and with E polarized the y axis (vertical polarization). The simulated reflectance, transmittance, and absorption for the two polarizations are plotted in Fig.  2(a) and (b) of the main text, respectively. Vector E-field and current density J plots at the optical wavelengths corresponding to the three peaks identified in Fig. 2 . Vector E-field (left) and current density J (right) plots for optical wavelengths corresponding to (a) peak (1) and (b) peak (2) in Fig. 2(a) of the main text, and (c) at the peak of wavelength 824 nm in Fig. 2(b) of the main text.
